2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a persistent environmental pollutant that activates the aryl hydrocarbon receptor (AhR) resulting in altered gene expression. In vivo, in vitro, and ex vivo studies have demonstrated that B cells are directly impaired by TCDD, and are a sensitive target as evidenced by suppression of antibody responses. The window of sensitivity to TCDD-induced suppression of IgM secretion among mouse, rat and human B cells is similar. Specifically, TCDD must be present within the initial 12 h post B cell stimulation, indicating that TCDD disrupts early signaling network(s) necessary for B lymphocyte activation and differentiation. Therefore, we hypothesized that TCDD treatment across three different species (mouse, rat and human) triggers a conserved, B cell-specific mechanism that is involved in TCDD-induced immunosuppression. RNA sequencing (RNA-Seq) was used to identify B cell-specific orthologous genes that are differentially expressed in response to TCDD in primary mouse, rat and human B cells. Time course studies identified TCDD-elicited differential expression of 515 human, 2371 mouse and 712 rat orthologous genes over the 24-h period. 28 orthologs were differentially expressed in response to TCDD in all three species. Overrepresented pathways enriched in all three species included cytokine-cytokine receptor interaction, ECM-receptor interaction, focal adhesion, regulation of actin cytoskeleton and pathways in cancer. Differentially expressed genes functionally associated with cell-cell signaling in humans, immune response in mice, and oxidation reduction in rats. Overall, these results suggest that despite the conservation of the AhR and its signaling mechanism, TCDD elicits species-specific gene expression changes.
Introduction
, the prototypical aryl hydrocarbon receptor (AhR) ligand and environmental toxicant, is formed by combustion processes and due to its lipophilic nature tends to bioaccumulate in the food chain (Tuppurainen et al., 2003) . A common consequence of TCDD exposure in many species is the suppression of humoral immunity, of which the immunoglobulin M (IgM) response is highly sensitive (Dooley and Holsapple, 1988; North et al., 2010; Lu et al., 2011) . For robust IgM antibody responses, B cells undergo rounds of activation, proliferation and plasmacytic differentiation into antibody forming cells (AFC), which synthesize and secrete large quantities of pentameric IgM.
Pokeweed mitogen (PWM), a lectin purified from Phytolacca Americana is one of the most commonly used B cell polyclonal activators. PWM acts in a MyD88-dependent manner to drive B cell differentiation into IgM antibody secreting plasma cells in rodents and humans (Farnes et al., 1964; Bekeredjian-Ding et al., 2012) . Significant changes in morphology, phenotype, and gene expression accompany B cell to plasma cell differentiation. Multiple critical transcriptional regulators control plasmacytic differentiation at the molecular level, some of which have been recently identified. Importantly, TCDD has been demonstrated to directly and indirectly deregulate mRNA and/or protein expression of AP-1, Bach-2, BCL-6, Pax5, and Blimp1, all of which are major regulators of the B cell differentiation program (Calame et al., 2003; Igarashi et al., 2007; De Abrew et al., 2011; Phadnis-Moghe et al., 2015; North et al., 2010) .
At the cellular level, TCDD directly suppresses the IgM response in human, mouse and rat B cells with maximal suppression reaching approximately 50% of the vehicle control response. Additionally, the window of sensitivity during which TCDD can suppress IgM secretion is similar between mouse, human and rat B cells, suggesting a common mechanism of action of IgM suppression. Specifically, TCDD must be added to the activated B cells within the initial 12 h post-stimulation to suppress IgM secretion (Dooley and Holsapple, 1988; Sulentic et al., 1998; Kovalova et al., 2016) . The relatively narrow window of sensitivity suggests TCDD-mediated interference with a critical event shortly following B-cell activation.
Signaling through the aryl hydrocarbon receptor (AhR), a member of the Per-Arnt-Sim (PAS) family of transcription factors, is required in order for TCDD to suppress the primary IgM response, as this response is not observed in AhR null B cells (Sulentic et al., 1998; Vorderstrasse et al., 2001 ). In the absence of a ligand, the AhR is maintained in the cytosol bound by a number of chaperone proteins such as HSP90 and ARA9 (also known as XAP2 or AIP) (Petrulis and Perdew, 2002) . Following TCDD binding, the AhR translocates to the nucleus where it forms heterodimers with AhR nuclear translocator (ARNT). The AhR-ARNT complex binds to dioxin response elements (DREs), modulating the transcription of a number of target genes (Hankinson, 1995; Denison and Heath-Pagliuso, 1998) . However, the exact mechanism by which TCDD impairs the B cell IgM response and the level of its conservation between species remain largely unknown.
Interestingly, in the context of B cell function, TCDD has been shown to suppress the IgM response to a comparable level in mouse, human and rat primary B cells, suppress human and mouse B cell activation markers including CD80, CD86 and CD69, and suppress the activation of ERK, JNK, and Akt in mouse and human primary B cells (Lu et al., , 2011 North et al., 2010) . Collectively, these data indicate that TCDD likely acts via a common rather than species-specific pathway to exert IgM suppression. The common effects of TCDD on human and mouse primary B cell activation and antibody secretion may represent important mechanisms of TCDD-elicited attenuation of B cell effector function among different species.
The objective of the present study was to characterize the effects of TCDD-dependent AhR activation on gene expression in primary mouse, rat and human B cells under the same conditions of activation (i.e., PWM) to identify potential molecular targets of TCDD. Overall, the global gene expression profiling at different time points identified multiple common and species-specific gene expression changes in response to TCDD. Interestingly, cytokine activity, cell adhesion and the inflammatory response were among the biological processes that were enriched in human, mouse and rat primary B cells. Additionally, regulation of actin cytoskeleton, focal adhesion, and ECM-receptor interaction KEGG pathways were enriched in all three species. Collectively, gene ontology and pathway enrichment analyses demonstrate that TCDD might act via multiple pathways to suppress IgM response.
Materials and methods

Chemicals and reagents
TCDD in dimethyl sulfoxide (DMSO) (purity 99.1%) was purchased from AccuStandard Inc. (New Haven, CT). DMSO and pokeweed mitogen (PWM) (Lot. O L8777-5MG) were purchased from Sigma-Aldrich (St. Louis, MO).
Animals
Pathogen-free, female C57BL/6 mice and Sprague-Dawley rats (5-8 weeks of age) were purchased from Charles River (Portage, MI). Animals were randomized, transferred to plastic cages containing sawdust bedding (five mice/three rats per cage), and quarantined for 1 week. Animals were provided food (Purina certified laboratory chow) and water ad libitum. Animal holding rooms were kept at 21-24°C and 40-60% humidity with a 12-h light/dark cycle. The Michigan State University Institutional Animal Care & Use Committee approved all experiments involving the use of animals.
Isolation of rat and mouse B cells
Mouse or rat B cells were isolated from spleens of female C57BL/6 mice or Sprague-Dawley rats, and were made into single-cell suspensions by passage through a 40 μm cell strainer (BD Biosciences, San Jose, CA). Negative selection of rat or mouse B cells was conducted using MACS Naive Rat B cell, or Mouse B Cell Isolation Kits following the manufacturer's protocols (Miltenyi Biotec, Auburn, CA) and as described previously (Lu et al., 2009) . In all cases, the purity of isolated B cells was ≥95%. Purified B cells were cultured at a density of 1 × 10 6 cells/-ml in RPMI-1640 supplemented with 10% bovine calf serum, 100 U/ml penicillin/streptomycin, and 50 μM 2-mercaptoethanol at 37°C, 5% CO 2 /95% air, 98% humidity. Cell viability was assessed by trypan blue exclusion and found to exceed 90% for all experiments with primary B cells.
Human leukocyte packs
Human leukocyte packs collected from anonymous female donors were purchased from the Gulf Coast Regional Blood Center (Houston, TX). All donors were screened for human immunodeficiency virus and hepatitis at the blood center.
Isolation of the naïve human B cells
Human naïve (CD19 + CD27 − ) B cells were isolated from peripheral blood mononuclear cells (PBMCs) enriched from each leukocyte pack by density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare, Piscataway, NJ). Negative selection of human B cells was conducted using MACS Naive human B-cell Isolation Kit following the manufacturer's protocols (Miltenyi Biotec, Auburn, CA) and as described previously (Lu et al., 2009) . In all cases, the purity of isolated B cells was above 95%. Purified B cells were cultured at a density of 1 × 10 6 cells/ml in RPMI-1640 supplemented with 10% bovine calf serum, 100 U/ml penicillin/streptomycin, and 50 μM 2-mercaptoethanol at 37°C, 5% CO 2 /95% air, 98% humidity. Cell viability was assessed by trypan blue exclusion and found to exceed 90% for all experiments with primary B cells.
Whole transcriptome expression profiling via RNA-Seq
Total RNA was isolated from mouse, human and rat primary B cells activated with PWM (15 μg/ml) and treated with vehicle (0.02% DMSO) or TCDD (30 nM) for 4, 8 and 24 h using RNeasy Kit (Qiagen, Valencia, CA) with gDNA eliminator columns. It is known that, depending on the activation stimulus, B cells in one species respond more strongly than in another (e.g., LPS). The rationale for the use of PWM to activate mouse, human and rat primary naive B cells was based on the fact that PWM allows rapid activation of large numbers of B cells in all three species used in this study. Additionally, levels of the AhR and its affinity for TCDD differ approximately 10-fold between human and mouse (Ramadoss and Perdew, 2004) , representing another potential confounder in these studies. Therefore, a high concentration of TCDD (30 nM) was selected to ensure strong activation of the AhR in all three species and subsequently strong induction or repression of AhRregulated genes. RNA sample quality was assessed using Bioanalyzer RNA Nano chips (Agilent); all RNA samples had an RNA Integrity Number greater than or equal to eight.
2.7. RNA-Sequencing, alignment, and analysis RNA-Sequencing was performed at the Michigan State University Research Technology Support Facility Genomics Core (RTSF, https:// rtsf.natsci.msu.edu/genomics). In summary, libraries from three human donors (N = 3) and a pool of 20 mice and 5 rats were prepared using the Illumina TrueSeq RNA Sample Preparation Kit (Illumina, San Diego, CA) according to manufacturer's instructions. Library sizes were confirmed using Caliper GX (Perkin Elmer, Waltham, MA), and quantified by qPCR using the Kapa Biosystems quantification kit (Wilmington, MA). Sequencing of libraries was performed at an average depth of 30 M each on an Illumina HiSeq 2500.
The Michigan State High Performance Computer (MSU HPCC; https://icer.msu.edu/hpcc) was used for read processing and analysis. Reads, 1 × 50 bp with a seven-base index, were demultiplexed and quality was determined using FASTQC v0.11.2 (www.bioinformatics. babraham.ac.uk/projects/fastqc/). Adaptor sequences were removed using Cutadapt v1.4.1 (Martin and Wang, 2011) and low-complexity reads were cleaned using FASTX v0.0.14 (http://hannonlab.cshl.edu/ fastx_toolkit/index.html). Reads were mapped to the mouse (GRCm38 release 81), rat (Rn5 release 76), and human (GRch38 release 76) reference genomes using Bowtie 1.0.0 and TopHat v1.4.1 (Langmead et al., 2009 ) using default parameters and a minimum and maximum intron length of 10 and 15,000, respectively. Alignments were converted to SAM format using SAMTools v0.1.19. (samtools.sourceforge.net/). Gene counts were determined using HTSeq v0.6.1 in intersection-nonempty mode (−m intersection-nonempty). RNA-Seq data is deposited in Gene Expression Omnibus (GEO; accession number GSE80953). Counts were transformed through variance stabilizing transformation (VST) using the DESeq package in R (www.r-project.org) according to the DESeq reference manual. Data was normalized using a semi-parametric approach (Eckel et al., 2004) in SAS v9.3 (SAS Institute Inc., Cary, NC). Posterior probabilities P1(t) values were calculated for human datasets using an empirical Bayes method based on a per gene and dose basis using model-based t values as previously described (Eckel et al., 2004; Nault et al., 2015) .
Network and functional ontology enrichment analysis
Functional enrichment analysis was performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID, http:// david.abcc.ncifcrf.gov) (Dennis et al., 2003) filtered for gene ontology biological processes (BP), molecular functions (MF), and cellular component (CC). Functional categories were considered enriched when the -log scale geometric mean p-value ≤ 0.05 (enrichment score ≥ 1.3).
Signaling network was constructed to connect 114 common orthologs deregulated by TCDD in human and mouse datasets. The network was constructed using GeneGo Metacore database (GeneGo, Inc., St Joseph, MI) with a maximum number of steps set to 2.
Identification of putative dioxin response elements
Identification and scoring of putative DREs (pDREs) core in mice was previously published (Nault et al., 2015) . For rat and human pDREs, identification and scoring was performed as previously described (Dere et al., 2011; Nault et al., 2015) . Briefly, bona fide DREs consisting of a 5′-GCGTG-3′ core identified in Nault et al., 2015 , and the upstream and downstream 7 bp flanking sequence were used to generate a position weight matrix. Using the UCSC genome database and the UCSC tool findMotif, all DREs were extracted from the rat (Rn5) and human (hg38) genomes. The UCSC tool twoBitToFa was then used to extract sequences and flanking 5′ and 3′ regions which were then used to calculate a matrix similarity score (MSS) as previously described (Dere et al., 2011) (Supplementary Table 1 ).
Quantitative real-time PCR
Total RNA was isolated using the RNeasy Kit (Qiagen, Valencia, CA) and RNA concentrations were quantified using a Nanodrop ND-1000 spectrophotometer (Wilmington, DE). Double stranded cDNA was synthesized using 500 ng of total RNA using the Applied Biosystems high capacity cDNA reverse transcription kit (Foster City, CA). qRT-PCR was performed according to manufacturer's instructions using the Taqman Universal PCR Master Mix and Taqman gene expression assays for human CYP1A2 (Hs01070374_m1), CYP1B1 (Hs00164383_m1), CD27 (Hs00386811_m1), CD93 (Hs00362607_m1), LCK (Hs00178427_m1), SERPINB2 (Hs01010736_m1), FOSB (Hs00171851_m1), MTSS1L (Hs00416413_m1), ITGB3 (Hs01001469_m1), RND2 (Hs00183269_m1), HIC1 (Hs00359611_s1), SHF (Hs00403125_m1), BEND7 (Hs00381740_m1). All qRT-PCR measurements were made on an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA). The change in gene expression was calculated using the ΔΔCt method using 18S ribosomal RNA (4319413E) as an internal control (Livak and Schmittgen, 2001 ). For statistical analysis, unpaired twotailed Student's t-tests were performed between treatments and their corresponding controls.
Results
Gene expression changes in PWM-activated primary mouse, rat and human B cells following TCDD treatment
Human datasets were filtered using a | fold-change | ≥ 1.5 and P1(t) ≥ 0.8 criteria while mouse and rat data sets were filtered using | fold-change | ≥ 1.5 criterion. No P(t) value was calculated for the mouse and rat data since the samples were pooled from 20 mice and 5 rats. Analysis of the time-course RNA-Seq results identified TCDD-elicited differential expression of 544 human, 2527 mouse, and 772 rat genes over the 24-h time period. In the mouse dataset approximately the same number of genes were up-or down-regulated in response to TCDD (Fig. 1A ). In the human dataset slightly more genes were upregulated in response to TCDD at 8 h and twice as many genes were up-regulated than down-regulated at 24 h. By contrast, in the rat dataset significantly more genes were down-regulated than up-regulated at 8 and 24 h. Specifically, up-regulation was observed for 1493 mouse, 308 rat, and 338 human genes; down regulation was observed for 1451 mouse, 523 rat and 217 human genes (Fig. 1A) . Comparison of the top ten differentially expressed genes among the three species, revealed one common up-regulated gene -CYP1A1 but no common down-regulated genes (Table 1) . Additionally, immunoregulatory genes Il22 and Pde4c were up-regulated in mouse and rat, AHRR and CYP1B1 orthologs in mouse and human, and PACSIN3 in the human and rat datasets. Conversely, only human and mouse datasets shared a down-regulated ortholog, TMEM40 (Table 1 ). All data is deposited on GEO (GSE80953). Conserved, TCDD-induced ortholog differential expression. The time point of the maximum fold change is indicated in brackets. Mouse, rat and human data sets were filtered using |fold change| cutoff of 1.5 and for human dataset, P1(t) N 0.8. High pDRE have an MSS ≥ 0.8 while Very High pDRE have an MSS ≥ 0.9.
Mapped orthologs were analyzed using HID (HomoloGene ID; HID build 67) in order to compare TCDD-induced differential expression of equivalent genes across human, rat and mouse primary activated B cells. The HomoloGene database contains 18,981 human, 21,766 mouse and 19,229 rat unique HIDs, of which 15,816, 16,461 and 14,145 HIDs were expressed in primary B cells. In the time course study, 30 nM TCDD elicited the differential expression of 515 human, 2371 mouse, and 712 rat orthologs. 28 orthologs were identified as differentially expressed in response to TCDD in all 3 species. The majority of orthologs exhibited species-specific expression. Specifically, 73% (379/515) of human, 81% (1935/2371) of mouse, and 50% (350/712) of rat orthologs exhibited species-specific differential expression (Fig. 1B) . Ten of the 28 orthologs differentially expressed in all 3 species, exhibited a comparable expression pattern ( Table 2 ). This included the induction of prototypical AhR battery genes such as CYP1A1, TIPARP, AHRR, as well as induction of CD27, a memory B cell marker, the actin binding gene, MTSS1L, the MYO6 gene that plays a role in intracellular vesicle and organelle transport, and the potassium-dependent sodium/calcium exchanger, SLC24A3. Calcium-binding protein, CABYR, CHRM4 involved in regulation of the actin skeleton, and a G protein-coupled receptor, P2RY13, genes were down-regulated in all 3 species. However, most of the orthologs (64%) differentially regulated by TCDD in all three species, exhibited divergent expression. For example, the transcriptional repressor, Hic1, Rnd2 involved in disassembly of actin and cell surface signaling, and Itgb3 were induced in mouse and human but suppressed in rat primary B cells. The actin binding protein, Fscn2, and Pacsin, involved in endocytosis, were induced in human and rat but suppressed in the mouse. Additionally, transcriptional repressor, Hey2, and Map6, involved in microtubule stabilization, were induced in rodents but suppressed in human.
Pairwise comparisons identified 86 common differentially regulated human-mouse orthologs and 12 common human-rat orthologs. Interestingly, the kinetics of gene expression change in response to TCDD was different between mouse and human resulting in 45 common upregulated and 21 down-regulated orthologs at least at one time point. Among the 12 common human-rat orthologs 6 were down-regulated, 4 up-regulated and 2 displayed divergent gene expression changes ( Fig. 2A and B) . No significant correlation between any two species was identified by pairwise comparison (data not shown). Fig. 2 . Pairwise analysis of differentially expressed orthologs. Heat maps of 86 common human-mouse (A) and 12 human-rat (B) orthologs deregulated by TCDD at one or more timepoints. Genes were filtered using fold change cutoff of 1.5 and, for human dataset, P1(t) N 0.8. White-no pDREs.
The functional relevance of 86 common mouse and human significantly changed genes was examined using Database for Annotation, Visualization and Integrated Discovery (DAVID). Results for the top 25 gene ontology (GO) biological functions (which includes 3 classes: molecular function, biological processes and cellular components) are displayed in Table 3 . The three top GO terms include extracellular matrix, integrin-mediated signaling pathway and calcium ion binding.
3.2. Functional annotation and pathway enrichment of genes differentially expressed in response to TCDD in activated mouse, human and rat primary B cells
In order to determine functional relevance of DEGs the 2527 mouse, 772 rat, and 544 human genes were analyzed for overrepresentation within specific functional categories and canonical pathways using the DAVID analysis tool. The top enriched pathways and biological processes specific to mouse, rat and human primary B cells are presented in Figs. 3 and 4 . The number of overrepresented GO terms (DAVID) was comparable (311 mouse, 294 rat and 184 human enriched functional categories) in the time course data sets. The enriched categories were compared between species identifying 41 common enriched categories, including cell adhesion, extracellular region and the inflammatory response. Species-specific enriched functions included chemotaxis and positive regulation of MAP kinase activity in mouse primary B cells, mitochondrion and oxidation reduction in rat primary B cells, and integrin binding and cell-cell signaling in human primary B cells (complete list of overrepresented functions is presented in Supplementary Table 2) . Importantly, the number of genes within functional categories varied among species and direction of gene changes was frequently discordant between species despite the consistent phenotypic consequence of TCDD exposure -suppression of the IgM response (Fig. 5) . For example, genes involved in cell adhesion, CCR1 and DST, were induced in human but suppressed in mouse and rat. Conversely, genes involved in cell differentiation BOC, RUNX2, COL18A1, and MYO6 were up-regulated in all three species (Fig. 3) .
TCDD-induced differential gene expression mapped to 34 mouse, 25 rat and 27 human KEGG canonical pathways, among which 5 were common between mouse, human and rat. Top ranking mouse, rat and human pathways are presented in Fig. 4 . Pathways significantly enriched in all three species included ECM-receptor interaction, focal adhesion and regulation of actin cytoskeleton. Mouse-specific differential gene expression was associated with acute myeloid leukemia and Table 3 Gene ontology analysis of the 86 common human-mouse DEGs. Genes were filtered using fold change cutoff of 1.5 and, for the human dataset, P1(t) N 0.8. Table 3 ). In the rat primary B cells differentially expressed genes mapped to oxidative phosphorylation and mTOR signaling pathway (Supplementary Table  3) . Majority of the genes within enriched rat-specific pathways were down-regulated including mitochondrial ATP synthase subunit Atp5d, subunits of the mitochondrial membrane respiratory chain NADH dehydrogenase (Complex I) Ndufab1, Ndufb2 and Ndufv3 and nuclear-coded polypeptide chains of cytochrome c oxidase Cox8a, Cox6a1 and Cox5a. In human primary B cells the specific significantly enriched canonical pathways included ribosome and metabolism of xenobiotics by cytochrome pathway (Supplementary Table 3 ). Importantly, genes within common enriched pathways frequently displayed divergent pattern of deregulation.
GO
toll-like receptor signaling pathway (Supplementary
Temporal gene expression changes in the PWM-activated primary mouse, human and rat B cells following TCDD exposure
Time-course analysis of the data revealed that the standard AhR battery genes (i.e., CYP1A1, CYP1B1, NQO1, TIPARP) showed an unusual and divergent gene expression pattern (Fig. 6) . In many well-characterized cell models, for example HepG2, activation of metabolizing enzymes CYP1A1 and CYP1B1 is robust and persistent. However, in primary human and mouse B lymphocytes CYP1B1 mRNA expression peaks as soon as 4 h post-TCDD treatment and gradually decreases over time. Human CYP1A1 showed gradual time-dependent increase while in mouse and rat primary B cells Cyp1a1 expression peaked at 4 h following TCDD treatment.
Enrichment analysis was performed on the differentially expressed gene sets at each time point to access TCDD-mediated time-dependent changes in biological and molecular functions (Supplementary Table 4 ). In human, biological processes related to cell adhesion and cell-cell signaling showed high enrichment at 4 h followed by a decline at 24 h. Molecular function associated with pattern binding and KEGG pathway associated with focal adhesion remained enriched during the timecourse. In the mouse, biological processes involved in locomotory behavior were highly enriched at 4 and 8 h post TCDD treatment while inflammatory response associated biological processes became enriched at later time points; KEGG pathway associated with cytokine-cytokine /ml) were activated with PWM (15 μg/ml) and treated with 30 nM TCDD or vehicle (0.02% DMSO). Supernatants were harvested on day 5 (mouse rat) or 7 (human) of culture and analyzed for IgM by sandwich ELISA. Data from five human donors and five rats/mice were normalized to VH control (100%) and presented as a percentage of control. Statistical significance was determined using Dunnett's two-tailed t-test; *represents values that are significantly different from VH control at p b 0.05. receptor interaction was enriched at all time points. In the rat, biological functions associated with cell adhesion and response to extracellular stimulus demonstrated peak enrichment at 4 h; KEGG pathway associated with adhesion was enriched at all time points while Jak-STAT signaling pathway was significantly enriched only at the earliest timepoint.
Identification of putative DREs in responsive genes
Genomic sequences for genes presented in Table 2 and Fig. 2 were examined for presence of putative DREs, which were identified by computational scanning. Of the 86 common mouse-human orthologs 85 mouse and 86 human orthologs contained a pDRE with an MSS ≥ 0.8 (high scoring pDRE) while 29 mouse and 34 human orthologs contained pDREs with an MSS ≥ 0.9 (very high scoring pDRE) within its genomic region or 10 kb upstream of the transcription start site. Between 12 human-rat orthologs 11 rat and 12 human contained "high" scoring pDREs but only 3 rat and 6 human orthologs contained "very high" scoring pDREs. 27 out of 28 human and all mouse and rat orthologs deregulated in the three species contained "high" scoring pDREs; "very high" pDREs were mapped to 13 mouse, 10 rat and 10 human orthologs. CD27, HIC1 and MTSS1L all possessed DREs within their promoter region and displayed an early induction response to TCDD treatment, suggesting that they are primary AhR-responsive genes.
Gene network analysis
To discover potential mechanisms of TCDD-mediated suppression of B cell function, a subgroup of 114 common mouse and human orthologs was evaluated with MetaCore. Thresholds of 1.5 (fold change) and P1(t) 0.8 were applied and dataset was analyzed with Compare Experiments followed by network building option "Analyze Network (Transcription Factor)", which incorporates canonical pathways in its algorithm. The resulting most significant network is presented in Fig. 7 . This network shows interaction of two key transcriptional regulators CREB1 that, if activated in B cells, promotes proliferation and survival, and AP-1 a transcription factor that had been shown to suppress B cell to plasma cell differentiation in primary mouse B cells by directly binding to and inhibiting PRDM1 (Grotsch et al., 2014) .
Validation of differentially expressed genes at the RNA level
Differential expression of 13 genes in human primary B cells was validated by quantitative real-time PCR (Fig. 8) . In order to strengthen the comparison between RNA-Seq and qRT-PCR, PCR was carried out using the RNA samples that were used for RNA-Seq experiments plus two additional human donors. Two genes from AhR battery of genes (TIPARP and CYP1A1) and 11 genes deregulated in more than one species were chosen for confirmation. Differential expression was confirmed for all genes and the fold change calculated with the qRT-PCR data showed mostly a similar magnitude of change compared to the fold change calculated with the RNA-Seq data. qRT-PCR fold change was significantly greater than RNA-Seq fold change only for CYP1A1 gene; however, the direction of gene expression change was the same.
Discussion
The B lymphocyte is a sensitive cellular target of TCDD-induced AhRmediated toxicity, specifically, suppression of the IgM response (Sulentic and Kaminski, 2011) . Studies in mouse, rat and human B lymphocytes show similar levels both in terms of the magnitude of TCDDinduced IgM suppression as well as similarity in time-of-addition kinetics (Kovalova et al., 2016) . Concordance across all three animal species suggested a common mode of action. TCDD-mediated, AhR-dependent deregulation of gene expression is assumed to be a primary mode of action for TCDD-induced toxicity (Birnbaum and Tuomisto, 2000) . The underlying hypothesis of this study was that TCDD deregulates a core set of orthologous genes in mouse, rat and human primary B cells at early time points after B cell activation. To evaluate this hypothesis, comprehensive genome-wide time course gene expression was measured in primary mouse, human and rat B cells activated with PWM and treated with a single dose of TCDD. Many previous studies examining TCDD-induced suppression of the IgM response have focused on individual genes such as Pax5, Blimp1, BCL-6 and Bach2 or used transformed cell lines that may not completely recapitulate primary B cell responses (North et al., 2010; Lu et al., 2010; De Abrew et al., 2011 , Phadnis-Moghe et al., 2015 . Therefore, use of primary B cells provided a unique opportunity to investigate and compare gene expression changes in response to TCDD treatment in different species and to identify additional B cell-specific targets of TCDD.
Comparative genome-wide gene expression analysis identified a limited number of candidate orthologs deregulated by TCDD in all three species and a large number of divergent and species-specific responses elicited by TCDD across human, mouse and rat primary B cells. In agreement with previous comparative analyses performed in hepatocytes, most of the TCDD-mediated gene expression changes showed species-specific deregulation Dere et al., 2011; Nault et al., 2013) . For example, only 16 orthologs were differentially expressed in human, mouse and rat primary hepatocytes following treatment with 10 nM TCCD for 48 h ). In the current study, TCDD elicited limited overlap between human, mouse and rat primary B cell differential gene expression with only 28 orthologs in common between all three species. This included the induction of "AhR battery" genes such as Cyp1a1, Tiparp and Ahrr. Notably, the fold induction of Cyp1A1 and Cyp1B1 mRNA levels in primary B cells was low compared to hepatocytes and is likely due, at least in part, to the fact that the primary role of B cells is defense against pathogens and not drug metabolism. This statement is supported by the fact that B cells in general express low levels of phase I and phase II drug metabolizing enzymes. In addition, AhR mRNA levels are low in primary B cells, but rapidly and transiently (i.e., over the first 24 h) increased post activation followed by a rapid decline to background levels by 48 h postactivation (Allan and Sherr, 2005; Crawford et al., 1997) . By contrast, in other cell types such as hepatocytes, AhR levels are maintained at significantly higher levels than the B cell.
Promoter analyses showed that all common orthologs have AhR binding sites in their promoter region. Interestingly, CD27, HIC1 and MTSS1L genes all have high scoring pDREs and are activated in response to TCDD in all three species suggesting these genes are direct targets of AhR. CD27 encodes a member of the TNF-receptor superfamily that activates NF-κB and MAPK8/JNK signaling and plays a role in B cell activation and immunoglobulin synthesis (Akiba et al., 1998; Agematsu et al., 1995; Lens et al., 1995) . HIC1 encodes a sequence-specific transcriptional repressor that directly targets ATOH1 (a pro-neuronal transcription factor), CXCR7 (a receptor for the chemokine CXCL12), and ephrin-A1 (a cell surface ligand for Eph receptors) and regulates p53-and E2F1-dependent cell survival and growth control (Van Rechem et al., 2009; Zhang et al., 2010) . HIC1 transcription factor recruits multiple co-repressors, including CtBP (a co-repressor for BCL6 autoregulation), possibly targeting genes involved in B cell proliferation and survival, or preventing B cell differentiation by targeting PRDM1 via MTA3/NuRD co-regulators (Ci et al., 2008; Van Rechem et al., 2010) . MTSS1L (ABBA) is an actin dynamics regulator that controls actin and plasma membrane dynamics in radial glial cells, plays a critical role in Rac1-mediated cell spreading in the NIH3T3 cells, and is essential for Rac1 activation (Saarikangas et al., 2008; Zeng et al., 2013) . Rac1, a small signaling GTPase, is ubiquitously expressed and regulates multiple processes including cell adhesion, transcription, proliferation, and differentiation (Rose et al., 2007; Chae et al., 2008; Bosco et al., 2009) . The exact role of the TCDD-induced deregulation of CD27, HIC1 and MTSS1L genes in suppression of the IgM response should be further evaluated.
Interestingly, most of the genes that were differentially regulated by TCDD were so in a species-specific manner. For example, in the mouse dataset, the most up-regulated transcript, not including drug metabolizing enzyme genes, was Serpinb2, a plasminogen activator inhibitor type 2 (PAI-2). Serpinb2 is up-regulated under multiple inflammatory conditions and might be involved in regulation of the adaptive immune response since it had been demonstrated that Serpinb2 −/− mice generate increased Th1 responses (Schroder et al., 2011) . The most down-regulated transcript was methionine sulfoxide reductase B3 (MsrB3), an endoplasmic reticulum oxidoreductase that regulates cell growth through the p53-p21 and p27 pathways (Lee et al., 2014) . A number of genes involved in regulation of signal transduction (Il22, Mcf2l, Psd2 and Thbs1) were among the top 10 up-regulated, and genes associated with the immune response (Cd70, Fasl, H2-Bl, Sh2d1a) were among the most down-regulated transcripts in the mouse dataset. In the rat dataset, genes associated with Jak-STAT signaling pathway (Ifnb1, Il22, Pik3r3, Spred3) were among the top up-regulated, and genes associated with cell differentiation (Ctbp2, Cebpb, Tbx6, Fscn3, Rps19, Spr, Socs1) were among the most down-regulated. The most strongly expressed genes in human primary B cells were associated with signal transduction (ARL4C, GPR68, ASB2, CLNK, GRIN2D); the transmembrane transport genes (SLC16A14, SLC13A3, SLC28A2, SLC5A9, SPNS3) were among the most down-regulated. The most upregulated gene, CD93 (encodes for the CD93 molecule), is important for the maintenance of plasma cells in the bone marrow; CD93-deficient mice fail to maintain bone-marrow plasma-cell numbers and antibody secretion (Chevrier et al., 2009 ). The most down-regulated gene, TMEM40, encodes for uncharacterized protein TMEM40 that has been associated with arthritis in mice, suggesting a potential role in inflammation (Macaulay et al., 2007; Yu et al., 2009) . Gene ontology and pathway enrichment analyses were performed to compare, group and functionally interpret conserved and speciesspecific gene expression changes elicited by TCDD in primary mouse, human and rat B cells. Functional analysis identified cytokine activity, cell adhesion and inflammatory responses among the biological processes that were enriched in human, mouse and rat primary B cells. Additionally, multiple KEGG pathways including focal adhesion, ECM-receptor interaction, and regulation of actin cytoskeleton were enriched in all three species. It is tempting to speculate that TCDDinduced deregulation of abovementioned processes results in the suppression of the IgM response especially considering that proper cell adhesion and regulation of actin cytoskeleton are paramount for receptor signaling and immunological synapse formation (Mattila et al., 2016; Wickramarachchi et al., 2010) . Interestingly, even though comparable functions and pathways were affected between the species, different orthologs within common pathways and biological processes were differentially regulated indicating that TCDD may use species-specific mechanisms to suppress the IgM response. For example, among the KEGG pathways enriched in rat were oxidative phosphorylation and the Jak-STAT signaling pathway. The Jak-STAT pathway plays a role in the initiation of B cell differentiation through activation of Prdm1 and down-regulation of Bcl6 (Desrivieres et al., 2006; Diehl et al., 2008; Klein et al., 2003; Riley et al., 2005) . AhR affects Jak-STAT signaling at the early time points and may play a role in suppression of B-cell activation and differentiation in the rat primary B cells. In the human primary B cells, TGF-β and calcium signaling KEGG pathways were enriched. TGF-β is a well-known potent immunosuppressor. It has previously been demonstrated that TGF-β inhibits proliferation and survival of B cells, blocks progression through the cell cycle and inhibits secretion of IgM (Lebman and Edmiston, 1999; Kehrl et al., 1991) . Additionally, it has been previously demonstrated that lowering intracellular calcium levels inhibits IgM secretion (Tartakoff and Vassalli, 1977) . In the mouse primary B cells, pathways associated with chemokine signaling and ABC transporters were enriched. The pattern of expression and function of ABC transporters on B cells is not well understood, but recent reports have demonstrated that ABC transporters play important roles in the differentiation, and maturation of multiple types of immune cells (van de Ven et al., 2009) . Collectively, gene ontology and pathway enrichment analyses demonstrate that TCDD might act via different speciesspecific pathways to suppress IgM response.
Interestingly, using MetaCore analysis, a cAMP-dependent transcription factor CREB1 and an activator protein 1 (AP1) were identified as top upstream transcriptional regulators. CREB1 involvement in the cAMP/ PKA signaling and in the AhR signaling pathways had been previously demonstrated in multiple cell types, including in mouse B cells (Feng et al., 2016; Landers and Bunce, 1991) . Similarly, it has been previously demonstrated that in mouse primary B cells, a member of AP1 transcription factors Fra1 blocks plasma cell differentiation and IgM production by directly repressing Blimp1 expression (Grotsch et al., 2014) . Together, these data indicate that TCDD, likely, acts via multiple and speciesspecific pathways to produce IgM secretion suppression in mouse, human and rat B cells.
Importantly, study design limitations such as quality of the genome builds, accuracy and number of annotated genes, media composition, use of PWM as an activating stimulus may have limited the overall interspecies comparison and biased data interpretation. Specifically, human and mouse genomes are more complete and have a higher number of annotated genes as compared with the rat. Furthermore, the exact mechanism of PWM-induced B cell proliferation and IgM secretion is not well understood and exact early signaling events may vary between species (Bekeredjian-Ding et al., 2012). Additionally, this study included B cells from female human donors of undisclosed age; mouse and rat primary B cells were isolated from mature female rodents. Despite these biases, the hallmark measure of AhR activation, induction of metabolizing enzymes Cyp1a1 and Cyp1b1 was prompt and robust among species, indicating that the study design limitations likely did not have a detrimental effect on data interpretation.
In this study a comprehensive analysis of TCDD-induced transcriptomic changes in mouse, human and rat primary B cells was performed to compare and characterize common and species-specific gene expression and identify B cell molecular targets of TCDD. Importantly, this is the first study to investigate genome-wide responses in human, mouse and rat primary B cells treated with TCDD. Collectively, time-course comparison of mouse, human and rat genomic responses presented in this study suggest that despite the evolutionary conservation of the AhR and its signaling pathway (Hahn, 2002) , there are significant differences in TCDD-regulated molecular mechanisms between species that disrupt early signaling during B cell activation and differentiation and ultimately lead to the suppression of the IgM response. Further studies will be needed to confirm the specific roles of deregulated genes and molecular mechanisms responsible for impaired B cell activation and plasmacytoid differentiation.
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